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Tsuda, H., Sasai, N., Matsuo-Takasaki, M., Sakuragi, M., Murakami, aptic sensitivity has been reduced, the motoneuron re-
Y., and Sasai, Y. (2002). Neuron 33, this issue, 515–528. sponds by increasing its release of transmitter. This
Wessely, O., Agius, E., Oelgeschla¨ger, M., Pera, E.M., and De Rob- regulation of release has been demonstrated by reduc-
ertis, E.M. (2001). Dev. Biol. 234, 161–173. ing the density or function of neurotransmitter receptors,
Wilson, S.I., and Edlund, T. (2001). Nat. Neurosci. 4, 1161–1168. as well as by inhibiting the ability of the muscle to depo-
larize through the expression of shunting potassium
channels (Paradis et al., 2001; White et al., 2001).
How does a motoneuron know how effective it is? It
is thought that a feedback signal from the muscle isIs Synaptic Homeostasis Just
monitored by the motoneuron terminals, regulatingwishful thinking?
arbor growth, bouton formation, and neurotransmitter
release. Two papers in this issue of Neuron (Aberle et
al., 2002; Marque´s et al., 2002) provide tantalizing evi-The bone morphogenetic proteins (BMPs) are se-
dence for a role of BMP signaling as part of the feedbackcreted polypeptides of the TGF- family, whose di-
mechanism. Both studies show that mutations of theverse functions include primary neural induction and
BMP type II receptor gene wishful thinking (wit) result inthe dorsoventral patterning of the neural tube. In this
motor endings with fewer synaptic boutons than normal.issue of Neuron, Aberle et al. (2002) and Marque´s et
Since the phenotype becomes progressively more se-al. (2002) present evidence that BMP receptors may
vere as the larva grows, it is proposed that the defectalso influence the development of synapses. The re-
is due to a reduced ability to add or maintain synapticsults suggest a novel mechanism for regulating neu-
boutons. In short, the motoneuron cannot keep up withronal growth and synaptic homeostasis during devel-
the growth of the muscle. By contrast, events that occuropment.
in the embryo are normal in wit mutants, including moto-
neuronal specification, axonal outgrowth, and target se-Structure and function are concepts forever wedded in
lection. The wit mutations are 100% penetrant and resultbiology, and nowhere is this more true than in the ner-
in mortality during the pupal stage. The Wit gene isvous system. A good example of how neuronal morphol-
expressed in subsets of larval neurons, including moto-ogy and function are linked involves synaptic growth
neurons. Mosaic experiments show that the mutant phe-during development. As nervous systems enlarge, den-
notypes can be rescued by the presynaptic expressiondritic and axonal arbors must grow appropriately, so
of wild-type Wit protein in the motoneurons, indicatingthat synaptic signals remain physiologically effective, a
that a major function of the gene is in those cells.phenomenon termed synaptic homeostasis. A delicate
The discovery of the wishful thinking gene by thebalance is maintained, so that postsynaptic signals re-
O’Connor and Goodman laboratories depended on twomain of sufficient amplitude to drive action potentials.
distinct experimental strategies that illustrate the rangeEvidence from Drosophila suggests that synaptic ho-
of approaches available to Drosophila researchers.meostasis depends on signals exchanged between syn-
Marque´s et al. (2002) took a reverse genetic approach.
aptic partners, but the molecular players have remained
They scanned the Drosophila genome and noted se-
largely unknown (Koh et al., 2000).
quences homologous to previously characterized mam-
The larval neuromuscular junction (NMJ) of Drosophila
malian BMP receptors. In addition, they identified the
is a favorable system for examining synaptogenesis and gene through low stringency homology screening using
synaptic homeostasis. Drosophila offers the advantages probes for type II receptors, and then made mutants. By
of working in a model organism with a fully sequenced contrast, Aberle et al. (2002) followed a forward genetic
genome and powerful genetic tools. Each abdominal approach and identified the same gene through a screen
hemisegment possesses exactly 30 individually speci- for mutations that alter the morphology of larval NMJs,
fied muscle fibers, innervated by 35 motoneurons. Each an approach that reflects the interest in the Goodman
motoneuron projects to specific muscle fibers, making lab in synaptogenesis. The screen used a GFP-tagged
this one of the best characterized array of synapses in reporter construct (CD8-GFP-Sh) that labels synapses.
any organism. Neurons and muscle fibers are uniquely One can visualize mutant synapses through the trans-
identifiable, allowing one to pose experimental ques- parent skin of the living larva, bypassing the need to do
tions with single cell resolution. For example, the GAL4/ dissections and staining. Remarkably, NMJs may today
UAS bipartite expression method may be used to drive be viewed as externally visible genetic markers, not un-
the expression of molecular constructs in specific cells like the wings, bristles, and eye phenotypes of the classi-
and to either side of the synapse. cal era of Drosophila genetics.
The Drosophila NMJ is a marvel of morphological Consistent with their smaller bouton numbers, wit mu-
growth. The animals grow 10-fold in length during the tants release much less neurotransmitter than normal.
4 days of larval life. Each day the muscles double in The defect is associated with ultrastructural changes in
length, yielding a 100-fold increase in surface area by the boutons, including detachment from the postsynap-
the time of pupation. To maintain their ability to drive tic membrane, aberrant membrane ruffling, and aberrant
contractions, motoneuron arbors grow in parallel. The T bar-like structures. Adhesion molecules, such as the
number of synaptic boutons increases 100-fold, and the NCAM homolog Fasciclin II, are downregulated at the
boutons themselves become more complex, with a 20- NMJ. Wit’s identity as a BMP type II receptor suggests
fold increase in the number of active zones. Synaptic that the neuromuscular phenotypes arise as the result
homeostasis involves a fine regulation of the quantal of altered expression of a battery of genes that are
downstream of BMP receptor activation.content of the NMJ. In experiments where the postsyn-
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The signal transduction pathway used by BMP and from other sources, or even from the motoneuron, acting
other TGF- superfamily members is evolutionarily an- in an autocrine fashion). For example, Short gastrulation
cient (Raftery and Sutherland, 1999). Homologous mole- (Sog), the fly homolog of Chordin, binds to and inacti-
cules and mechanisms are used in both Drosophila and vates the BMP2/4 ligand Decapentaplegic, to define
mammals. In general, a secreted BMP ligand complexes boundaries of the Drosophila neurectoderm, in a mecha-
with both type I and type II receptors at the responding nism reminiscent of vertebrate neural induction (Holley
cell’s membrane. The receptors are serine-threonine ki- et al., 1995). Even the negative regulators may be regu-
nases that mediate a cascade of phosphorylation events. lated: Drosophila possess a BMP1 homolog, Tolloid,
Upon activation, the BMP type II receptor phosphorylates which is a metalloprotease that cleaves Sog (Marques
the BMP type I receptor, which in turn phosphorylates a et al., 1997). It would be informative to test whether
receptor-regulated Smad transcription factor (R-Smad). these proteins are secreted by muscles or neurons.
The phosphorylated R-Smad then complexes with a In conclusion, with these two papers our understand-
common nonphosphorylated Smad (Co-Smad), to con- ing of synaptic maturation and neuronal growth has en-
trol gene expression in the nucleus. All of these molecu- tered a new phase. While these are still early days, with
lar players are found in Drosophila. There are two BMP much that remains to be characterized, for the first time
type II receptors, punt and the newly characterized wish- in Drosophila we have a handle on the molecular mecha-
ful thinking, as well as three type I receptors, baboon, nisms that tie a neuron’s size to its actions.
saxophone, and thickvein. R-Smad and common Smad
proteins are encoded by the mothers against decapen-
taplegic and the medea genes (Newfeld et al., 1999).
Haig KeshishianConsistent with Wit’s involvement in the BMP receptor-
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Biology Departmentshowed that the phosphorylation of the Drosophila
Yale UniversitySmad in the CNS is dependent on Wit and that Wit is
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be envisioned. First, Wit might receive a retrograde sig-
nal from muscles that controls motoneuron arbor
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Among the genes with dramatic affects on NMJ mor-
phology are highwire (hiw), which in mutants has ele-
vated numbers of boutons (Wan et al., 2000), and futsch, Sodium Channels:
a microtubule-associated protein with reduced bouton
Grit, Determination, and Persistencenumbers in mutants (Hummel et al., 2000; Roos et al.,
2000). Other candidates for regulating NMJ develop-
ment are likely to emerge from the Goodman lab’s mor-
Persistent sodium channel activity modulates neu-phological screen.
ronal gain in a neurotransmitter-dependent fashion.Finally, it is possible that the muscle is not the source
Previous studies have suggested that persistent andof the BMP ligand, but rather influences signaling
through negative regulation of BMPs (which could come spike-related sodium channel activities are mediated
